Introduction
Diaphragm actuators are widely used in engineering in various devices: automobile suspension and braking systems, machine tool devices, equipment actuators with heavy working conditions, pressure control valves, etc. The reasons are as follows -diaphragm actuators, in comparison with, for example, cylinders, have such advantages as low laboriousness in manufacturing, high tightness of the working chamber, low frictional force, no need for high-quality air no need for quality air preparation, low operating costs.
However, diaphragm actuators also have some disadvantages. They are low stroke, low diaphragm durability, and, one of the most significant disadvantage, the nonlinear law of the developed force, which can be determined as a function of the rigid center displacement, pressures in the chambers, diaphragm dimensions, and its material physical properties. In turn, the nonlinear low of the force is determined by the nonlinear dependence of the effective area and the elastic properties of the diaphragm along the length of the rigid center displacement.
To solve this problem, in some cases, where it is possible, diaphragm actuators with a small working stroke (1/4 -1/3 maximum) are used, within which the nonlinearity of the effective area and the elasticity of the membrane affect insignificantly.
In other cases, there is both the need to determine the force developed by the diaphragm actuator, and the need to design a diaphragm actuator that develops a certain predetermined force.
Therefore, for the qualitative design of membrane drives, it is necessary to develop an adequate mathematical model (or models, taking into account the variety of applications and operating conditions) adapted to the use of numerical methods of solution as part of modern CAE systems.
The purpose of this study
The purpose of this study is the development of a numerical mathematical model of the pneumatic diaphragm chamber, which is the base part of pneumatic diaphragm actuators of various purposes, in which the effective area of the diaphragm is defined as a function of relatively easily and unambiguously measured physical quantities -the rigid center displacement, pressures in chamber, diaphragm dimensions, and its material physical properties (diaphragm and rigid center diameters, the presence and length of the goffer, the thickness and the modulus of elasticity of the diaphragm, etc.).
Under the development of a numerical model, the article refers to the adaptation of analytical dependencies which describes the pneumatic diaphragm chamber to the use of numerical methods of solution as part of modern CAE systems, checking the adequacy of the model developed by comparing the simulation results with experimental data, and running test examples.
Study
The design and calculation schemes of a typical diaphragm actuator are presented in Fig. 1 . The mathematical model of the diaphragm chamber in the general combines the equations of filling and emptying the variable volume pneumatic diaphragm chamber, the equation for the thermal processes -changing the air temperature in the chamber caused by changing the air pressure in the chamber, and chamber volume as well as by heat exchange with the environment. The system of equations has the form:
where G -air mass flow which enters into the chamber; q -heat flow carried by air;
-air mass flows, which spend for changing of the volume, pressure and temperature of the air in the chamber;
heat flows, describing, respectively, a change in the internal energy of the air in the chamber, the work performed by air or over it and on heat exchange with the environment. These components of the system of equations (1) are determined from the equation of state of the gas and the first law of thermodynamics and have the form:
where e A is the effective area of the diaphragm; 0 V is initial volume of the diaphragm chamber; R is the gas constant; V c is the gas heat capacity at constant volume;  is the heat transfer coefficient; p is the gas absolute pressure in the chamber; T is the gas absolute temperature in the chamber; x is the diaphragm rigid center displacement; HT A , W T is the area and absolute temperature of the surface through which heat transfer takes place. To create a mathematical model of a diaphragm actuator, the system of equations (1) must be supplemented by the equation of the balance of forces -the equation of motion of the rigid center and the masses associated with it under the action of variable pressure in the diaphragm chamber and forces acting on the membrane (springs, friction, inertia, loads).
Such "mechanicals" blocks as a rule widely represented in the modern CAE systems and they can be used for modeling. Various modifications of the diaphragm actuator models can be obtain by using different models of such elements -to determine the friction forces, stops, heat exchange, gas properties, etc.
So, in this paper, we consider the choice of the dependence for determining the effective area of the diaphragm only.
There are several mathematical relationships for determining the force developed by the diaphragm actuator [1, 2, 4, 5, 6, 7, 8, 9] . All of them are based on the determination of the effective area of the diaphragm -the fictitious area, whose product at the pressure drop across the diaphragm is equal to the force developed by the actuator.
1. Simplified dependence, according to which the diaphragm effective area assumed to be constant and depends only on the diameters of the diaphragm and rigid center, (Fig. 1) . The dependence has the form [6] :
where
Due to significant errors, the range of application for this relationship is limited approximately by 3 1 4 1  part of the full possible stroke of the rod.
2. Dependence, known as the Liktan formula [1] . A semi-empirical formula relating the diaphragm effective area to the rigid center displacement, obtained with the assumption that the angle between the generatrix of the elastic surface of the membrane and the plane of its fixing in the body is small.
The dependence has the form:
where x is the current value of the rigid center displacement from the plane of the diaphragm fixing; max x -the "maximum" value of the rigid center displacement -the fictitious value at which the diaphragm generator would become rectilinear, and the diaphragm itself would take the form of a truncated cone (Fig. 1) .
Dependence (3) indirectly takes into account the structural dimensions, mechanical and elastic properties of the diaphragm material. To determine the effective area from this dependence, it is necessary to determine experimentally the maximum possible displacement of the rigid center each time, which is a disadvantage.
3. Modified dependence of Liktan, proposed in a number of works [2] . The authors use dependence (3) for which max x is defined as:
where st
x is the static characteristic of the diaphragm, which is its free deflection under the action of a given pressure (Fig. 2) [4, 10] and it indirectly takes into account the structural dimensions and mechanical properties of the diaphragm material. The use of this formula also assumes the experimental determination of the diaphragm static characteristic. The above dependencies are initially intended for describing thick (several millimeters) diaphragms of powerful actuators. For other applications, for example, sensitive devices, pressure control valves, they give a significant error (more than 40% [5, 6] ). Therefore, in order to develop a numerical mathematical model of a pneumatic diaphragm chamber, as a base was chosen a dependence described in a number of works [5, 6] , which makes it possible to determine the main characteristics of diaphragm -effective area and stiffness based on comparatively easily and unambiguously measured values -the rigid center displacement, pressures in the chambers, design parameters and physical and mechanical properties of the diaphragm material (membrane diameters and rigid center, the presence and size of the goffers, the thickness of the diaphragm and its material modulus of elasticity etc.). At the same time, depending on the required accuracy, it is possible to take into account or ignore some of these values whose influence is insignificant for the particular application.
Thus, in [5] the following dependence is given for the diaphragm effective area e A :
where l is the length of the goffer;  -the angle between the chord of the arc AB of the goffer and the tangent to it at the point of intersection with the plane of the diaphragm fixing in the rigid center (Fig. 3) . The angle  is associated with the basic structural dimensions of the diaphragm
and with the rigid center displacement x by a transcendental dependence [5] :
Since the methods proposed in [5] for solving this equation (graphical one or using predefined tables of angle  versus   sin dependence) are intended for "manual" calculations, for numerical model adapted to the use with modern CAE systems, the equation (6) has been transformed to the form
and its solution was determined using the Newton-Raphson method
is the equation (7). This method has good convergence in finding the angle value -in order to find a solution, an average of 3-5 iterations was required.
Based on (5) and (7) a numerical mathematical model was developed and was used to determine the effective area of corrugated diaphragm using CAE system. In Fig. 4 shows the results of calculations in comparison with the experimental data [5, 11] . The comparison shows that the calculated data are in good agreement with the experimental ones, confirming the adequacy of the developed numerical mathematical model.
The fundamental difference between equations (3), (4) and equation (5) is that in the first case the elastic properties of the diaphragm material are taken into account indirectly. Since the diaphragm stiffness is one of the main its features, using equation (5), the "mechanical" part of the diaphragm actuator system of equations needs to be supplemented with a component that takes into account the elasticity of the membrane.
The expression for diaphragm rigidity determining has the form [5] :
Graphs of the calculated dependence of the corrugated diaphragm stiffness versus its rigid center displacement for different values of the length of the corrugation are shown in Fig. 5 . The approach described in the paper and based on (5), (7), and (9) to build the model lets take into account and another factors which affect to more or less extent the diaphragm characteristics. For instance, the variation of the effective area due to change of the pressure difference, due to change in configuration of the diaphragm edge radius in the clamping area, or due to applying conical stops which are used to control the value of the effective area, etc. Therefore, the model can easily be adjusted for a particular application by including the most influential factors.
In the case described in the paper, the model was built for the development of a pressure controller for the gas supply system of an internal combustion engine. For this type of application, it was necessary to take into account the variation of the diaphragm effective area due the change in pressure difference.
In [5] the additional deformation of the diaphragm material is suggested to account by correcting the value  of the angle. The transcendental equation resulted in this approach is shown below
where p is the pressure difference on the diaphragm; E is the elasticity modulus of the diaphragm material (Young modulus);  is the diaphragm thickness. The equation is suggested to be solved with the Newton -Raphson method.
In so doing, the system of equations representing the diaphragm chamber, with the effective area variation due to the rigid center displacement accounted, consists of equations (5) and (10) . Fig. 6 shows the results of the effective area computations with these equations together with the experimental measurements [5, 11] . It can be seen that the computation results agree with the experiment. 
Conclusions:
1. The numerical model of a pneumatic diaphragm chamber considered as a part of a complex pneumatic actuator was developed. The model can be used in numerical analyses and design of various pneumatic actuation systems such as automobile barking and suspension systems, machine tool devices, pressure regulators, etc.
2. The effective area in the model is determined as the function of easily measurable and normally readily available in catalogs parameters such as the rigid center displacement, pressure differential in the diaphragm chambers, diaphragm thickness, modulus of elasticity, etc.
3. The accuracy of the model was tested by comparing to the experimental results. The model was also tested in simulation of various pneumatic actuators and shown good agreement. 
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